chem. 9,101 [1969] . 21 May 15, 1972) Plastocyanin, Chloroplast fragmentation, Photosystem I, Stroma Lamellae, pH-optimum for electron transport Plastocyanin is released from chloroplasts by sonication, by passing through the French-press, by extraction with detergents, by treatment with organic solvents and by freezing and thawing. No plastocyanin is liberated during osmotic shock of either class I or class II chloroplasts, or by extraction of class II chloroplasts with dilute solutions of EDTA.
Under special conditions it is possible to separate grana and stroma lamellae, which retain plastocyanin. The distribution of plastocyanin between these membrane fractions parallels the distribution of photosystem I.
The different reactivity of plastocyanin with various chloroplast membrane preparations is not always correlated to plastocyanin content. Other parameters, like pH, seem to influence the interaction of plastocyanin with the surface of the chloroplast membrane.
The function of a biological membrane is related to its molecular architecture (membrane topography) as well as to its higher organization (membrane morphology). The possible relation of structure and function in the chloroplast membrane has been dis- cussed in a recent review 1 . With the develpoment of methods to separate distinct regions of the chloroplast lamellar system 2 ' 3 it is feasible to study the distribution of activities and components among them. Plastocyanin, an electron transport component functioning close to photosystem I, is a good candidate for such an enterprise, and this paper is concerned with it. We will show that this copper protein follows the distribution of photosystem I activity in the lamellar system. After we had started our work a report with similar concern appeared 4 .
In addition we will give further evidence for the necessity to distinguish between the original function of plastocyanin in the chloroplast membrane and secondary effects exerted by readdition of this protein to deficient membrane preparations 5 .
Methods

Preparations
The isolation of broken chloroplasts from field grown spinach, as well as osmotic shock and extraction of chloroplasts by EDTA were carried out as described 6 . Class I chloroplasts were prepared according to WALKER 7 . Freezing and thawing of broken chloroplasts was carried out at 1 mg chlorophyll per ml in 10 MM NaCl in the presence or absence of 0.4 M sucrose. After freezing at -20° over night the chloroplasts were thawed at RT.
Sonication, in the presence or absence of plastocyanin, was performed as published recently 5 . If plastocyanin was present in the sonication medium the concentration was 100 pM.
Fragmentation of chloroplasts by passage through a French-press and subsequent differential centrifugation for the isolation of grana and stroma lamellae has been described previously 3 . A Sorvall Ribi Cell Fractionator, Model RF-1, at the lowest possible pressure setting (4000 -5000 psi) was used throughout the preparations described in this paper. The presence of 0.4 M sucrose in the chloroplasts suspension proved to be protective in several ways (see Table 2 of this and Table 1 of the accompanying paper 8 ) and did not affect the fractionation as indicated by the ratios of chlorophyll a to b.
Digitonin membrane vesicles were prepared according to ANDERSON and BOARDMAN 9 . An isotonic concentration of sucrose during the detergent treatment was beneficial again 10 .
For heptane treatment of chloroplasts we followed the procedure of ELSTNER et al. n .
Plastocyanin, ferredoxin and ferredoxin-NADP reductase were purified from spinach as described by ANDERSON and MCCARTY 12 .
Assays
Plastocyanin was measured enzymatically by ascorbate-photooxidation as published 5 , but NADP plus ferredoxin and ferredoxin-NADP reductase replaced methyl viologen as electron acceptor system. Formation of NADPH was measured at 340 nm in a Zeiss spectrophotometer, Model PMQ2, modified for illumination from the side. A yellow glass filter (Schott GG 475) and a heat filter was put into the actinic light path. A second monochromator was mounted in front of the phototube. The light intensity of the actinic beam was 2.8 x 10 5 ergs/cm 2 per sec measured with a YSI-Kettering radiometer. NADP reduction for measurement of plastocyanin was superior to the previously employed oxygen uptake via methyl viologen, because the sensitivity of the spectrophotometer exceeded that of the oxygen electrode, though the absolute rates of electron transport were lower. If, however, maximal rates of plastocyanin dependent electron flow through photosystem I were desired, methyl viologen catalyzed oxygen uptake was measured (see Table 3 ) 10 .
Liberation of plastocyanin by incubation of chloroplast preparations in 2% Triton X-100 was carried out as described 5 . If sonication was used for the liberation we proceeded as follows. A known amount of chloroplasts (0.2 to 1 mg chlorophyll) in 1 ml of a hypotonic medium, containing 20 MM Tricine-NaOH, pH 8, and no more than 0.1 M sucrose, was sonicated for 1 min in four 15 sec bursts with intermediate cooling on ice, using a Branson 20-K cycle sonifier with the standard micro tip, 1 /s inch diameter, at full output. The resulting suspension was layered over 35% sucrose and centrifuged for 1 hour at 50 thousand rpm in a Beckman Spinco SW-56 Ti rotor. Aliquots of 0.2 to 0.6 ml from the top layer, which were free of chlorophyll, were tested for plastocyanin. Possible inactivation of plastocyanin during Triton X-100 extraction or sonication was ruled out by passing known amounts of plastocyanin through the procedures.
Chlorophyll was measured according to ARNON 1S .
Results
Plastocyanin is known to be liberated from chloroplasts with the help of organic solvents 14 by sonication 15 or detergent treatment 16 18 it is now possible to measure resolution of plastocyanin from chloroplast preparations on a micro scale. Table 1 summarizes our data on the percent liberation of plastocyanin from spinach chloroplasts by various methods. Treatment with Triton X-100 is most effective. Between 2 and 5 nmoles plastocyanin per mg chlorophyll are extracted (see also Ref. 5 ). Repeated extraction does not increase this value, which corresponds to one plastocyanin for 220 to 550 chlorophylls. Liberation of plastocyanin by ultra sound is more convenient since it avoids ammonium sulfate precipitation and subsequent dialysis 5 . Its efficiency depends on the energy of sonication, the sonication time, the geometry of the sonication vessel and to The assay mixture contained in 1 ml 50 MM Tricine-NaOH **, pH 8. Chloroplasts were sonicated in the presence and absence of 100 /UM plastocyanin 5 . After removing excess free plastocyanin by repeated centrifugation any plastocyanin bound to the chloroplast membrane was liberated by sonication as described under Methods. The assay mixture for the determination of plastocyanin is given in Table 1 .
Preliminary experiments with subchloroplasts vesicles show that these are more resistent to various treatments than broken chloroplasts. Both, Triton X-100 and ultra sound can be used, however, to remove plastocyanin quantitatively from subchloroplast vesicles prepared by French-press or digitonin treatment.
As further shown in Table 1 treatment with heptane or acetone and subsequent aqueous extraction also removed most of the plastocyanin. These two methods have been employed for the large scale preparation of plastocyanin n ' 14 . French-press treatment removes 60 -80% of the plastocyanin under conditions which allow the separation of grana from stroma lamellae 3 . In the presence of 0.4 M sucrose less plastocyanin is lost from the chloroplast. Digitonin does not release all of the plastocyanin, even not at concentrations as high as 1.5%. A high ratio of digitonin to chlorophyll and hypotonicity are necessary for maximal liberation. In the presence of 0.4 M sucrose, 1 mg chlorophyll per ml and 0.5% digitonin, only 30 -50% of plastocyanin are found in the supernatant after centrifugation. Freezing and thawing of chloroplasts also results in a loss of plastocyanin from the chloroplasts. Again, an isotonic concentration of sucrose is protective, but does not fully prevent the effect. Apparently ineffective is mixing of chloroplasts in a Warring blender during isolation from the leaf. Almost no plastocyanin was released into the isotonic medium employed by 30 sec blending at 0°. No plastocyanin was lost to the medium by osmotic shock of either class II or class I chloroplasts. Osmotic shock is known to remove the outer and to modify the inner membrane of the chloroplast. It results in breakage of those parts of the inner membrane which enclose the stroma and causes swelling and unfolding of the residual lamellar system, especially of the grana regions (cf. to Ref. 19 ). All these structural changes do obviously not touch the binding of the plastocyanin. Moreover, treatment with dilute EDTA-solutions, which is known to remove coupling factor 1 from the membrane 6 , did not remove plastocyanin.
PARK and SANE recently proposed a model for photosynthesis 1 which accommodates both, structure and function of the chloroplast lamellar system. In essence we suggested that the grana regions contain photosystem I and photosystem II, while the stroma lamellae have photosystem I with possibly a still developing, incomplete photosystem II. Thus stroma sonication time lamellae and grana are throught in biogenic continuity, and so are their photosytsems. According to this view components functioning in photosystem I activities should be spread out over the whole lamellar system. It was of interest, therefore, to investigate the distribution of plastocyanin among the grana and stroma lamellae. Both, French-press 20 and digitonin treatment 9 can be employed for the separation of these membrane regions 3 . The data are summarized in Table 2 . It is clearly seen that a high amount of plastocyanin is retained by the stroma membrane vesicles after French-press; and even more after digitonin treatment, as already previously mentioned 10 23 , in which plastocyanin should mediate electrons in photosystems driven by short wave length light and be concentrated in the grana regions.
In Table 3 evidence is presented that a high stimulation of electron transport by plastocyanin does not always mean a low content of plastocyanin in chloroplast membrane preparations, and vice versa. Table 3 . The lack of correlation between plastocyanin content and plastocyanin stimulation of electron flow. Chloroplast membrane preparations, the assay for plastocyanin and ascorbate photooxidation were carried out as described under Methods. The reaction mixture for the assay of plastocyanin (second column) is given in Table 1 . To observe the maximal rates of plastocyanin dependent ascorbate photooxidation by the various chloroplast preparations, 3 nmoles of plastocyanin were added andNADP plus ferredoxin and ferredoxin-NADP reductase were replaced by 0.1 mM methylviologen. The chlorophyll concentration was 10 ug. Oxygen uptake was measured polarographically (first column). Eventual rates without plastocyanin were substracted.
Class II chloroplasts show almost no stimulation of electron transport by plastocyanin. Any fragmentation will liberate plastocyanin and induce the plastocyanin stimulation, but to various extents. Stroma lamellae prepared by passage through the French-press revealed an appreciable electron transport rate, but those prepared by incubation with digitonin were much more active (cf. to Ref. 10 & Fig. 2 . The pH-optima of ascorbate photooxidation in stroma lamellae prepared by French-press or digitonin treatment. Ascorbate photooxidation, mediated by excess plastocyanin, was measured with methylviologen as electron acceptor as described under Methods and in Table 3 . The pH was maintained by 50 MM MES-NaOH, at pH 5.5 and 6.0, by 50 MM HEPES-NaOH, from pH 6.5 to 7.5, and by 50 MM TricineNaOH, from pH 8.0 to 9.0.
rates are comparable in both preparations. Rising the pH to 8 an increase of the rate is found in the digitonin preparations while a decrease occurs in the case of French-press treatment. This observation can be explained by the assumption that the reaction proper of plastocyanin with photosystem I has its optimum around pH 8. In French-press preparations -probobly even more so in chloroplasts -negative surface charges hinder the also negatively charged plastocyanin from reacting. These surface charges, possibly in form of proteins or lipids, are removed by digitonin and become neutralized to some extent at lower pH.
Discussion
The liberation of plastocyanin, it seems to us, is dependent on making the chloroplast membrane fluid or leaky. In the case of Triton X-100 treatment the compartimentation might by permanently lost. In the other cases of treatment a vesicular structure reforms, as known form electromicrographs of preparations obtained with ultra sound 2 or digitonin 10 . The amount of plastocyanin liberated w r ould then be dependent on the time of transient leakiness. In that context it interests that plastocyanin can also be resolved by freezing and thawing chloroplasts, even in the presence of sucrose (cf. to Ref. 25 ). EDTA-treatment does not remove plastocyanin. Therefore, if "holes" are formed in the membrane by the detachment 26 of coupling factor I this is not facilitating the liberation of plastocyanin.
The location of plastocyanin has to be discussed on two levels of membrane organization, i. e., membrane topography and membrane morphology. The first describes how the membrane is built from individual molecules, the second how the membrane is differentiated into structures of higher order.
In a previous publication 5 immunological evidence was presented to show that plastocyanin is located at a place in the chloroplast membrane not accessible from the surrounding medium. We suggested that its site is on the inner surface of the membrane in some equilibrium with the thylakoid space. This suggestion was based on three facts. First of all, plastocyanin is a hydrophilic protein, secondly it is rapidly resolved into aqueous media by certain treatments and thirdly this resolution can be a reversible process.
To this view we now can add some data for the location of plastocyanin on the level of membrane morphology. An intact chloroplast is surrounded by 5.5 6.0 65 7.0 7.5 8.0 8.5 9.0 pH ^ two membranes. The inner membrane is highly differentiated by invaginations, like bacterial or mitochondrial inner membranes. On a cross section this organization yields three compartments for the chloroplast, the space between the outer and inner membrane, the stroma space enclosed by the inner membrane and the interior of the individual thylakoids throught to be interconnected within the lamellar system. The thylakoid spaces might also be in connection with the intermembrane space (cf. to Ref. *). From all the known facts we can exclude that plastocyanin is located in the stroma. It is also not found in the intermembrane space, because this would be opened up by osmotic shock of class I and also during the preparation of class II chloroplasts. In both instances no plastocyanin is lost to the medium. So, the intermembrane space is either too small to contain enough plastocyanin for detection, what is probably not the case 27 , or it does not contain plastocyanin. If it does not contain plastocyanin it, nevertheless, still could be in continuity with the thylakoid space. Then, of course, we have to assume that plastocyanin is fixed in some way to the thylakoid space. Within the lamellar system we find plastocyanin in the grana as well as in the stroma lamellar fraction and the latter tends to be enriched in plastocyanin on a chlorophyll basis. This corresponds to the distribution of photosystem I activities 3 ' 9 and suggests that plastocyanin is bound to photosystem I (an alternative explanation might be that the grana membranes are less stable i. e. leakier during isolation). These and our previous results 5 do not support
